It has been suggested that in most colony-breeding birds, food availability in the feeding areas surrounding the colonies limits, and thereby regulates, population size. However, population size is also determined by adult survival, which will additionally be influenced by circumstances outside the breeding season. Most Eurasian Spoonbills Platalea leucorodia leucorodia in The Netherlands breed on the Wadden Sea barrier islands. After 30 years of exponential growth, the breeding population in the Dutch Wadden Sea area is now levelling off towards a maximum of nearly 2000 nests. For these Spoonbills, density-dependent effects on survival by the different age-classes and in the different seasons have already been demonstrated. However, the mechanisms underlying the densitydependent survival of juveniles before and after fledging remain unclear. To examine whether these density-dependent effects reflect limitations at the colony level, we compared colony growth, chick condition and reproductive success among the Wadden Sea colonies. Population growth rates from 1988 to 2015 varied widely between the 10 existing colonies, and so did the statistically predicted maximum colony sizes. Chick condition, measured for 781 chicks in six different colonies between 2011 and 2015, was lower in stable colonies than in growing colonies, although not for the very late chicks, and reproductive success tended to be lower as well. Over the longer period of 1991 to 2011, reproductive success showed a strong negative relationship with colony size. We propose that the levelling off of colony sizes in the Wadden Sea is caused by local food limitations, and suggest further research in this direction. The continuing growth of the Dutch population is now being fuelled by exponentially increasing numbers of Spoonbills breeding in the Delta area.
reproduction (Drent & Daan 1980 , Daan et al. 1988 , Lok et al. 2017 . A fine example of the complexities of colonybreeding bird demographics is presented by the Eurasian Spoonbills Platalea leucorodia leucorodia in The Netherlands. Since the late 1960s, when the number of breeding Spoonbills in The Netherlands was estimated at fewer than 150 breeding pairs (van Wetten & Wintermans 1986 ), a series of environmental and protective improvements were realized and the population showed a remarkable recovery (van der Hut 1992 , Overdijk 2004 , Lok et al. 2009 , Boele et al. 2015 . After an initial phase of exponential growth mainly on the barrier islands of the Wadden Sea (Voslamber 1994 , Lok et al. 2009 ), population growth has been decreasing since the 2000s, hinting at density-dependent processes acting on survival and/or reproduction (Lok et al. 2009 ). Density-dependent mortality of adult Spoonbills mainly takes place between mid-winter and the spring arrival at the breeding grounds (Lok et al. 2013b) , which suggests that the causes of density dependence are factors operating in the distant wintering areas or during spring stopovers. Thus, they would not be expected to act at the level of the breeding colony.
However, in juveniles mortality is density dependent during the post-fleding period and during and/or shortly after their first southward migration (Lok et al. 2013b) , suggesting limiting conditions in the breeding area (Lok et al. 2017) . Indeed, reproductive success (measured as the average number of fledglings per nest) showed a strong negative correlation with colony size in the only colony where this had been consistently measured (Overdijk & Horn 2005 , Lok et al. 2009 ). This indicates that density-dependent processes may be acting at the colony level.
To study whether colony size is regulated by density-dependent processes at the local level, we examined colony growth between 1988 and 2015 in all individual Wadden Sea colonies. We measured reproductive success (the number of fledged chicks per nest) and chick condition (observed body mass relative to average predicted age-and sex-specific body mass) in six different colonies between 2011 and 2015. These factors must be studied in concert, because higher reproductive success may actually come at the cost of reduced chick condition, resulting in lower postfledging survival prospects when competition between fledglings is high (Lack 1954 , Lok et al. 2013b , 2017 .
Because the effect of colony size on chick condition and/or reproductive success may differ between colonies, we looked at correlations with colony growth stage rather than with absolute colony size. Because heavy rains may strongly affect both chick condition and reproductive success of Spoonbills (Lok et al. 2017) , the effect of rain was included in the analyses. In several Wadden Sea colonies, reproductive success has been measured in multiple years since 1991, which enabled us to test whether the effect of colony size (i.e. the level of density dependence) indeed differs between these colonies. We discuss whether the observed differences in reproductive success may be caused by local differences in the extent of feeding areas and the level of food resources.
METHODS

Counts of breeding pairs
Each breeding season the number of nests in each known colony in The Netherlands was counted by a large network of volunteer observers. Except for the largest island, Texel, with several different colonies, each Wadden Sea island was treated as a single colony. Furthermore, nests no farther than 5 km from each other were considered to belong to the same colony. During the counts, colonies were carefully approached over land. Colonies that were difficult to reach without disturbance were surveyed by airplane (Texel, De Geul, 53°01'N, 4°44'W, and the Oostvaardersplassen, 52°28'N, 5°22'W).
Chick condition
Between 2011 and 2015, body condition was estimated for 781 Spoonbill chicks (see Table S1 ). Chicks were caught when they were large enough for rings but before fledging, usually when 20-35 days old . Body mass, tarsus length and either 8 th primary length or head-bill length was measured. Following Lok et al. (2014) , the body condition of chicks was estimated as the proportional deviation in body mass from the predicted body mass, given the sex and estimated age of the individual. Using average growth curves of 8 th primary length and sex-specific head-bill length, we estimated age from 8 th primary length, or head-bill length if 8 th primary length was not measured. To determine sex, a blood sample of 10-80 ml was taken from the brachial vein and stored in 96% ethanol. DNA was extracted and sex-specific DNA fragments were replicated with primers 2550F/2718R (Fridolfsson & Ellegren 1999) . Of the 108 chicks of which no blood sample was taken, sex was estimated from the combination of 8 th primary length and tarsus length (see Appendix 1 for details). 
Statistics
To determine the growth stages of the different colonies and regions, we fitted both exponential and logistic regressions to the annual counts of breeding pairs. This was done with the function 'nls' in R (R Core Team 2015). Subsequently, Akaike's information criterion (AIC) was used to determine which of the two gave a better fit, using a critical AIC difference of 2 units (Burnham & Anderson 2002) . Colony growth stage was defined as 'stable' when the logistic regression fitted best and the estimated slope was below 1 (hence an estimated increase of less than one breeding pair per year). Otherwise, colony growth stage was defined as 'growing'.
To test whether chick body condition and reproductive success were lower in stable than in growing colonies we compared linear mixed models using the function 'lmer' in package 'lme4' (Bates et al. 2015) . Colony and year were included as random effects. Models for chick body condition were compared with and without colony growth stage, estimated hatching date (only for chick condition), and their second order interactions as fixed variables were compared by Akaike's information criterion for small sample sizes (AIC c ; Burnham & Anderson 2002) . In addition, all models were compared with and without including an effect of heavy rain. For each colony, the number of days with heavy rain (>10 mm) in the previous week was calculated from precipitation data of the nearest Royal Netherlands Meteorological Institute (KNMI) weather station (Den Burg on Texel, Oost Vlieland, Formerum on Terschelling, Nes on Ameland, and Schiermonnikoog). The reproductive success data could not be used to test for an effect of hatching date or heavy rain, because the timing of breeding of different colonies has not been registered.
To determine whether the level of density dependence in reproductive success was different between colonies, we used all available data on reproductive success from 1991 to 2015 for Wadden Sea colonies. Adding colony-ID as a fixed variable in the model allowed us to specifically test for differences between colonies, using absolute population sizes instead of growth stage as the explanatory variable. To investigate whether the relationship between colony size and reproductive success differed between colonies, we compared linear mixed models with and without colony-ID, colony size and their interaction, with year as a random variable.
RESULTS
Population growth
Up to the last year of observation, the population in The Netherlands continued to grow ( Figure 1 ), with 2908 nests counted in 2015. The population trend is best fitted by a logistic regression (see Table S2 ), which indicates that density-dependent effects have started to Maximum colony sizes were estimated by extending the logistic regression lines until constant (dotted lines). In the three colonies that were best fitted by exponential regression lines, maximum colony size could not be estimated. Table 1 . AIC c comparison of statistical models for chick condition (models 1) and fledgling number per nest (models 2 and 3). Models 3 also include data from between 1991 and 2010, and concern only the five colonies with at least 5 annual measurements. The five best models are shown in each selection, best models are in bold. Parameters were estimated by maximizing the log-likelihood.
Model Fixed effects
Colony growth on the Wadden Sea islands
On the Wadden Sea islands, all colonies have been growing since 1988 (Figure 2 ). The colonies in De Schorren and De Muy (both on Texel) have shown exponential growth since 1988. A new colony on Griend is also growing exponentially. All other colonies were best fitted by a logistic regression, i.e. showing decreasing growth rates in recent years (see Table S2 ). Figure 3A , model 1.1 in Tables 1 and S3 ). However, body condition improved in stable colonies in the course of the season. As a result, while early and average chicks had higher condition in growing than in stable colonies, this effect was the opposite for late chicks ( Figure 3A , model 1.1 in Tables 1 and S3 ). We did not find an effect of heavy rain in the week prior to measurement.
Reproductive success between 2011 and 2015 tended to be higher in growing than in stable colonies ( Figure 3B ), but not significantly so: the best model assumed no difference between the two (model 2.1).
Density dependence in reproductive success
In the different Wadden Sea colonies where reproductive success has been measured repeatedly between 1991 and 2015, reproductive success decreased with colony size, and the starting level differed between colonies ( Figure 4A , model 3.1 in Tables 1 and S3 ). The rate of decrease with colony size differed between colonies (model 3.2 in Table 1 ), but post hoc analyses showed that this effect was only due to the small colony on Rottumerplaat where reproductive success showed a positive instead of a negative correlation with colony size (model 3.1). The rate of decrease was not different between the other colonies. The intercept values (i.e. the estimated per capita fledging success at colony size zero) of the model that assumes the same slope in all colonies (model 3.3) showed a positive trend with the statistically predicted maximum colony density of Figure 2 , although not significantly (standardized major axes analysis, n = 6, r 2 = 0.54, P = 0.09; Figure 4B ).
DISCUSSION
As predicted by Lok et al. (2009) , the growth of the Wadden Sea population has been levelling off stronger than the growth of the population in the rest of The Netherlands (Figure 1 ). However, Lok et al. (2009) predicted it to stabilize at around 1375 breeding pairs. Tables 1 and S3 ).
With 1529 breeding pairs counted in 2015, the growth of the Wadden Sea population has thus been decreasing less than expected. The strongly negative relationship observed between colony size and reproductive success (except for Rottumerplaat; Figure 4A ) suggests that the current decrease in breeding population growth on the Wadden Sea islands is in part a consequence of limitations at the colony level. This is in accordance with the observed lower chick condition in stable colonies than in growing colonies ( Figure 3A) . Although this effect disappeared at the end of the breeding season, the majority of chicks measured hatched in May when this effect is still strong ( Figure 3A ). Lower chick condition was not compensated by a higher number of fledglings, since reproductive success also tended to be lower in stable than in growing colonies ( Figure 3B ).
The increase in chick condition in the course of the season was unexpected. Perhaps intraspecific competition decreases as more and more fledged chicks and their parents move away from the colony areas (van Dijk & Overdijk 1996) . The fact that the positive effect of hatching date was only present in stable colonies is consistent with this hypothesis. The positive relationship between colony size and reproductive success on Rottumerplaat was also unexpected. It may indicate that very small colonies may actually benefit from more nests (i.e. an Allee effect). After all, Rottumerplaat is the only small colony for which we have many repeated measurements of reproductive success. A potential mechanism might be that Lesser Black-backed Gulls Larus fuscus or Herring Gulls Larus argentatus get more chances to depredate unattended nests in smaller colonies (see Figure 5 ), or perhaps it is due to the lack of social information of some kind (see e.g. Barta & Giraldeau 2001) .
Potential causes of colony-level density dependence
The results of this study suggest that chick condition and reproductive success are lower in stable colonies, and that the initial level of reproductive success differs between colonies. Potential mechanisms include nest predation pressure, the number of potential nesting sites, and food availability. The main predator of Spoonbills in The Netherlands, the Red Fox Vulpes vulpes, is absent from the Wadden Sea islands, whereas other potential predators, Lesser Black-backed and Herring Gulls, are not exerting strong predation pressure in large colonies. Nesting sites are not likely to limit population growth either, as suitable breeding habitat seems to be vastly available on the extensive saltmarshes and low dune areas of the Wadden Sea islands. Hence, we propose that it is the abundance and accessibility of food in the area surrounding the breeding colonies that will be the prime cause of colony size limitation.
For this reason, data on spatial and temporal changes in food availability within the foraging range of Spoonbills in each colony will be necessary to further understand the dynamics of reproductive success in Reproductive success (measured as the average number of fledglings per nest) decreased with colony size, but the intercept value differs between colonies. The rate of decrease differed between locations, but post hoc analysis showed that this was only due to Rottumerplaat (model 3.1 in Tables 1 and S3 ). The rate of decrease did not differ between the other locations, but showed a positive relationship with colony size on Rottumerplaat. The reproductive success intercept (assuming the same slope for all colonies, model 3.3 in Table 1 ) is plotted against the estimated maximum colony size (standardized major axis regression, r 2 = 0.54, P = 0.09). Maximum colony size could not be estimated for De Schorren and Griend because they show exponential growth (Figure 2 ). different colonies. On the Wadden Sea islands, the diet of breeding Spoonbills and their chicks consists mainly of small fish and crustaceans from marine (e.g. juvenile Plaice Pleuronectes platessa and Brown Shrimp Crangon crangon) and freshwater environments (e.g. Threespined Stickleback Gasterosteus aculeatus; van Wetten & Wintermans 1986 , El-Hacen et al. 2014 . The abundance and accessibility of these prey is highly variable in time and space, and has not been studied in sufficient detail to allow quantitative estimates of their distribution in the Wadden Sea.
Currently, the best possible estimate of the availability of intertidal food is the surface area of mudflats and tidal channels surrounding the colony. As for many other coastal colony-breeding birds (Ainley et al. 2004 , Grémillet et al. 2004 , Wakefield et al. 2013 , the foraging range of Spoonbills may be limited during the breeding season, and colonies are thought to have consistent foraging areas surrounding the colony (van der Geest et al., Werkgroep Lepelaar unpubl. data) . Unfortunately, at this point the limited data on freshwater habitats and their food availability mean that we cannot provide an estimation of their abundance per colony. Assigning all mudflats to the closest Spoonbill colony, we plotted available mudflat against the maximum estimated colony size for each colony (Figure 6 ). There was no simple positive relationship, with the De Geul colony on Texel in particular harbouring many more nests than expected. The lack of such an expected relationship may primarily be explained by differences in the availability of freshwater foraging opportunities. Most of the islands have freshwater ponds and ditches, but freshwater foraging opportunities are mainly found on the mainland. Spoonbills breeding close to the mainland, such as in De Geul (Figure 6 ), can easily cross the Wadden Sea and fly to several freshwater lakes.
However, this still does not explain why the Vlieland colony, being the furthest away from considerable freshwater habitat is the second largest colony. This may instead be explained by an unequal distribution of food in the Wadden Sea. Variation in the availability of this food may be enhanced by all kinds of differences in the properties of the intertidal feeding grounds affecting food and foraging (Compton et al. 2013) . Finally, changing boundaries between foraging areas of growing and stable colonies might contribute to the explanation. Clearly, we now need studies that quantify the area used per colony, something that can be done by deploying Spoonbills in each colony with location trackers (see Wakefield et al. 2013) , in combination with quantification of food availability in those areas over time.
Yet, even this will not provide the whole story, as we know that the main determinant of adult survival is density dependence outside the breeding area (Lok et al. 2013b) . Adult survival as well as reproductive success are influenced by migration distance (Lok et al. 2013a (Lok et al. , 2017 . Indeed, the fact that these two processes do not exclude one another, adds a cautionary note to the conclusions of previous studies on the factors limiting colony sizes (Furness & Birkhead 1984 , Adams 2001 .
The future of the Dutch population of Eurasian Spoonbills
The general trend of decreasing growth in the Wadden Sea population may be the effect of the observed colonylevel density dependence of reproductive success, and potentially also of density dependence in post-fledging survival as a consequence of lower body condition at fledging (Lok et al. 2017) . Currently, it is hard to predict the limits to growth of the Dutch population. The observed decline in colony-specific reproductive success may continue to be compensated by the expansion into new areas, as is currently being observed in the Delta region of The Netherlands (Figure 1) . On the other hand, expansion by dispersion into Germany and Denmark may also contribute to decreasing population growth in The Netherlands (Lok et al. 2013b) .
Colony-specific estimates of reproductive success, juvenile (post-fledging) survival and dispersion from and to other breeding colonies will shed more light on the relative contributions of these mechanisms, and provide a more precise estimate of the limits to growth in the rest of The Netherlands as well. The tendency for a correlation between initial reproductive success for a given colony size and its maximum size ( Figure 4B ) implies that the current levels of reproductive success in recently established mainland colonies may actually predict their future sizes. However, on the mainland, reproductive success is often compromized by fox predation, which is absent on the Wadden Sea islands (Voslamber 1994) . In some mainland colonies, Spoonbills are responding to the presence of ground predators by starting to breed in trees and bushes (Figure 7) . Thus, besides the ability to adjust migratory traditions (Lok et al. 2013a (Lok et al. , 2017 , the future of Spoonbills in The Nether lands may also depend on the extent to which their behavioural flexibility allows them to exploit new environments during the breeding season. 
SAMENVATTING
Het idee heerst dat bij de meeste vogels die in kolonies broeden, de grootte van de kolonies en de maximale populatiegrootte bepaald worden door de beschikbare voedselhoeveelheid in de omgeving van . So, when chick age is known, this measure may be used to determine its sex. We provide a method to estimate sex from tarsus length, and determine its accuracy, using tarsus measurements in 395 chicks (201 females and 194 males) where sex was analysed by molecular analysis, and age was estimated by 8 th primary length, which is a sex-independent measure .
First, sex-specific logistic regression curves were fitted of tarsus length as a function of age, using the function 'nls' in the stats package of R (R Core Team 2015; Table S4, Figure S1 ). Then, for each chick, the expected tarsus length given its age was calculated, estimated from both the female and the male logistic regression curve. Sex was then estimated by comparing which of those two estimates gave the smallest difference with actual observed tarsus length. Sex estimates using this method corresponded to sex determined by molecular analysis in 330 out of 395 cases ( Figure S1 ), which equals a probability of 0.16 of a deviate estimate. Figure S1 . Tarsus length as a function of age in females (n = 201) and males (n = 194). Lines show logistic regression lines (Table S4 ). Sex was determined by molecular analysis of the blood, and age was estimated by 8 th primary length (see main text). Sex was additionally estimated from tarsus length as described in Appendix S1, which corresponded to molecular sex in 330 cases (open circles), and differed in 65 cases (filled circles). Table S4 . Parameter estimates of logistic regression curves of tarsus length (mm) over age (days). Logistic growth curve: y = Y max /(1 + exp(-k × (x -T i ))).
Effects
